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FOREWORD

This second Technical INeocumentary Report presents a technical discussien
and review of program activity and progress during the period 16 September
through 15 December 1964.
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(This abstract is unclassified)

ABSTRACT

The results of an investigation of viscoelastic and failure properties of highly
filleda PbAA and PBAN propelianis as a function of soiids icading are repotied
Failure surface study results are reported, and the results of a limited study
of the relationship between crack propagation velocity and propellant physical
characteristics are discussed. Propellant dynamic shear and bulk properties
were investigqated with small deformation piezoelectric devices. An experi-
mental investigation of propellant thermomechanical response to sustained
cyclic inertial loading was completed, and the results in agreement with theo:
are presented. Also discussed are experimental investigations of transient
thermoviscoelastic response of propellant under ¢»>nstant cyclic strain ampli-
tude and inertial loading.
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Section |

INTRODUCTION AND SUMKLARY

The Structural Integrity Department of Lockheed Propulsion Company is
conducting a theoretical and experimental research program to correlate
the mechanical behavior and failure properties of solid propellant with the
basic characteristics of the propellant and its constituents, This research
is supported by the Air Force Rocket Propulsion Laboratory, Research and
Technology Division, Air Force Systems Command, Edwards, California,
under Contract No. AF 04{(611)-9953. The program effort is concentrated
on the study of propellant dynamic physical properties, structural failure
phenomena, and chemical-physical effects.

In this report, program activities and results for the period 15 September
through 15 December 1964 arce described and discussed. A section-by-
section summary ic presented below.

Section 2 —~ Propellant Formulation Study, High Solids Loading. Failure

proj erty 1mnvestigations in multiaxial stress states were completed for the
sccond group of PBAA and PHAN propellants which include oxidizer modality
and burning rate catalyst variations. Little effect on failure properties was
observed for the change from optimized trioxidizer to optimized %Yioxidizer
particle size distribution as anticipated from theoretical considerations. Some
sensitivity of the failure properties of the PBAA propellants to the liquid burn
rate catalyst was observed. Stress relaxation characterization and small strain
aonlinear behavior of the first group of formulation variations are discussed
along with prelimin ry correlation of the relaxation data with measured small

deformation dynamic response,

Section 3 — Fracture Mechanics. Work during the quarter was concentrated
on failurc surface definition in orthogonal stress space and studies of crack
propagation in biaxial strip test specimens. Studies of test specimens for
obtaining failure data in three-dimensional stress states have continued. Re-
sults of the failure surface ctudies are presented. A preliminary estimate has
been made of the shape of the failure surface in stress space for an 84 weight-
percent solids-loaded PBAN propellant. A maximum tensile stress criterion
appears consistont with the timited data for t) ¢ tensile octant; an internal
friction criteriown appears generically applicable to the octants where tensions
and compressions are combined., Superposed hydrostatic pressure on uniaxial
tension causced only small changes in strength and elongation.

The results of the limited studics and experiments that have directed attention
to relationships between crack propagation velocity and propellant physical
characteristics are described. Good agreement was found between measured

and predicted crack extensions,

1-1
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Section 4 — Dynamic Properties. Experiinental investigations of propellant
dynamic shear and bulk properties measured with the small deformation
piezoelectric devices previously described (Ref. 1 ) are discussed. Shear
moduli of PBAA and PBAN propellant a2nd cured binder are presented and
compared with linear thermal expansion measurements of glass transition
temperature obtained for similar propellants. Analysis techniques and cali-
bration rcsults are discussed for the dynamic bulk modulus device.

An experirental investigation of propellant thermomechanical response to
sustained (yclic inertial loading was completed. Experimental results are
presented and it is noted that they are in qualitative agreement with theoreti-
cal predictions. In particular, jump instabiiity was experimentally observed
to be due to regenerative thermal and mechanical coupling. Also, an experi-
mental investigation of transient thermoviscoelastic response for constant
cyclic strain amplitude and inertial loading was completed. Experimental
results presented include cyclic degradation ocbservations.

1-2
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Section 2

PROPELLANT FORMULATION STUDY - HIGH SOQLIDS LOALING

2.1 INTRODUCTION

Increasing use is being made of very highly loaded solid propeliants in prac-
tical motor applications. As the solids loading is increased, the physical
properties change and the propellants become more nenlinear in their visco-
elastic behavior. For these reasons, rescarch at Leckheed Propulsion
Company in the areas of dynamic rrsponse and failure mechanisms is
presently being conceatrated on ballistically feasible propellant formulations
approaching the maximum theoretical limit of solids loading. Primary
effort during the sccond quarterly reporting period has been directed towards
completion of an experimental parametric study of a series of highly leaded

PBAA and PBAN propellants,

Although analysis of the experimental results are so far incomplete, several
conclusions concerning the observed effects of high 2-lids loading on propel-
lant physical properties can be made at this time., A systematic degradaticn
of the propellant failure strain capability and an accompanying increase in
failure stress are observed as the solids loading is increased, resulting in

a net increase in the mechanical energy required to break the specimens, In
acdition, the viscoelastic properties at small strains are observed to mirror
the failure behavior with a general tendency toward higher moduli and increas-
ing nonlinear behavior as the solids loading increases.

Experimental results for the burning rate catalyzed and bimodal oxidizer
propellant formulations are presented in the following sections. The results
show that changing the oxidizer modality from a trioxidizer to a bioxidizer
system has little effect on the failure properties when the particle size dis-
tributions for the two modal systecms are optimized as discussed in the
previous quarterly report.

In general, burning rate catalysts were found to haxz little effect on failure
properties with the single exception that PBAA propellants were found to
be softened substantially by the addition of the liquid burning rate catalyst.

LACVUMEENS BOMABINE IAKM MR
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2.2 TEST PLAN

Propellants have been prepared consisting of combinations of four propellant
formulation variables. These are (1) total weight percent solids loading,

(2) binder type, (3) oxidizer particle size distribution, and (4) burning rate
catalysts. The total solids loading was varied between 84 and 90 percent.
Polybutadiene acrylic acid {PBAA) copolymer and polybutadiene acrylonitrile

acrylic acid (PBAN) terpolymer binders were investigated. Two particle
size distribution systems were used--a bimodal oxidizer system and a tri-

modal oxidizer system, both optimized for minimum processing viscosity.

In addition, an assessment of the relative effects of burning rate catalyuts,
both liquid and solid, on the physical properties and burning rate was planned
on a spot-check basis. Formulations which have been cast and prepared for
testing are listed in Table 2-1. Formulations wiil be referred to by the code
symbols listed in Table 2-1 throughout this report. All of the propellants are
aluminized. The solids particle size distribution is identical for each tri-
oxidizer system. Similarly, each bioxidizer system contains an identical
solids system, with the exception of the two systems catalyzed with solid
catalysts, 84NBCS and 88NBCS. For these systems, a small portion of the
fine oxidizer is replaced with an equivalent amount of burning rate catalyst.
PBAA binder is cured at a 1.1/1 imine-to-carboxyl ratio level with a
trifunctional-to-difunctional curative ratio of 40/60. PBAN binder is cured
ata 1.3/1 epoxy-to-carboxyl ratio. Both PBAA and PBAN propellant binders
are plasticized. Specific information regarding the formulation of each pro-
pellant was presented in Appendix II (Confidential) of LPC Report 667-Q-1
(AFRPL-TR-64-148).

Two 5500-gram batches of each formulation were mixed simultaneously in
similar laboratory mixing facilities to provide sufficient propellant for the
varicus specimens and to eliminate batch-to-batch variations as much as
possible. The propellants were mixed and cast under vacuum.

The test specimens used in physical property testing were the in situ bonded
tab-end type, sawed and milled from bulk casting of propellant. Prior to
testing,all specimens were dimensionally irspected and stored in a 70°F
desiccated environment.

Experimental data for four stress states are being obtained for the propellant
formulaticns in Table 2-1. Uniaxial tension, strip biaxial, diametral com-
pression, and double-lap shear tests are being performed, using a constant
rate of deformation for ?ailure characterization.

The essential characteristics of the specimens and the definitions of failure
are discusse~d in the following subsections.
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PROPELLANT FORMULATION TEST PLAN#**

Table

2-1

Total Sclids, Weight Percent of Formaulation

83 50
ucC C ucC ®
Ontimmums* u\\w\\\ubww mmumM.O “\“ -
Sonae 2 Q 88NC w\\«\
oy BRI x - - -
2 77
Cplimum® 88RB 88RBC -—- ———
Bioxidize X
Sotids 84NBCS 83NBC
Systemn PBAN | 84NB2 5 == | --- | 88NB | 88NBCS | === | ===
oxX

* As determined by bulk density and viscosity measurements
%% Data for shaded formulations were reported in first quarterly report (Ref., 1)

ucC

- Uncatalyzed

C - Burn rate catalyzed

X - .Epp.-»n catalyst
O - Solid catalyst
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2.2.1 Uniaxial Tension!

Tab-cnd specimens consisting of rectangular bars (4 by 0.3 by 0.3-inches)
with woodern tab-ends (bonded in situto propellant during cure) are being used
exclusively for the tensile tests ~ The stress-strain condition identificd as
failure is defined by ¢ |, the so-callcd strain at maximuny stress, as pre-
sentedinthe ICRPG Solid Propellant Moechanical Behavior Manual (Ref. 2).
This strain level is usually Tound to Le about /3 of the strain [evel where the
load-time record passes through a maximum, and may be associated with
the development of extensive dewetting.

2.2.2 Strip Biaxial'

Strip biaxial specimens consist of thin plates of propellant with a width much
greater than their height. The specimens are prepared by casting piopellant
into lined wooden boxes of appropriate size and subsequently machining
specimens from the box, retaining the wooden tabs along the long sides of
the specimens. They are tested at a constant elongation rate applied in a
direction normal to the clamped edges. In most instances, strip specimens
with 2 large width-to-height ratio fail by cracking in the central region of
the strip where the stress field ic reasonably uniform. As in the uniaxial
tensile tests, a rnaximum in the load-time curve sometimes occurs prior to
visual crack initiation. Thus, for the sake of uniformity, the stress-strain
condition identified as failure in this test is defined in the same manner as
for the uniaxial tensile tests. The size of the biaxial strip specimens used
is 7.5 by 1.5 by 0.125 inches, and the sheets are filleted from the 0.125-inch
thickness to a 3/8-inch thick wooden tab strip.

2.2.3 Diametral Compression'

The diametral compression test specimens are 1.5-inch diameter discs,
1/2-inch thick, prepared by machining cast cylinde-s of propellant, The
failure of these specimens is first evidenced by the appearance of fissures
at the center, on the surface of the specimens, usually aligned at an angle
to the principal stress axes so as to suggest shear failure. Although it is
possible that the initiation of failure takes place inside the sample somewhat
earlier than is shown by the surface crack, the start of the visible fissuring
at the specimen surface defines failure.

'These test specimens are described in detail in Reference 25.

2-4
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2.2.4 Doadle-lap Shear

Parallelogram plan-form sheay specimons are urcd - propel-

lant failure propertics under ehonr condition s {1 sicde
supports constrained o prevoert 8 el to
o T

the conter support resulls in b Lo
sequent failure of the propellan tocentrid 3‘;’3" ‘,
Shear failure surfaces are found to be parallel to the g X
perpendxcular te the (ree S\lI‘f%(‘(‘ﬂ of the prcmuﬂant Visual obser va:mn of
fracture is difficult, but it is usually observed nearly at the oasarved peak
output force in a constant shear strain rate test. For simplicity, therefore,
failure is defired in this test as the peak in the force-time rcecord.

2.3 FAILURE PROPERTIES

Multiaxial failure characteristics of the 10 formulations shown unshaded in
Table 2-. have been investigated. The results show that the absolute
magnitudes of the failure stress and strain again vary with stress axiality
as anticipated. There is also a ccnsistent change in failure prom-vtinw with
formulation variation for all of the test modes. Thus, Mra'wr of th: large
amount of data, unnaecessary repetition will be avoided by ¢ ting in
graphical form only the strzp biaxial test mode resvits.
the remaining three test modes are presented in tabular
2-3 , and 2-4 .

2

bt T as g

Figure 2-1| presents comparative biaxial strip failure properties for the 84
weight - percent loaded, bioxidizer, PBAN catalyzed and uncatalyzed formu-
lations 84 NBCS and 84 NB, respectively. The solid burn rate catalyzing
agent (less than two percent by weight of thie total formulation) replaced an
equivalent weight o>f fine -ground ammonium perchlorate to maintain a con-
stant sclids loading. Inspection of the data showed a small amount of pro-
pellant stiffening due to the solid catalyst resulting in slightly higher failure
stresses and lower failure strains. This effect is confirmed by the diametral

compression and lan-shear test data.

Similar PBAN, bioxidizer formulations at 88 percent solids loading, with
varicus burning rate catalysts, are compared in Figure 2-2. No significant
change in failure ~roperties is agparent from these data as a result of using
the burning rate catalysts. The liquid catalyst amounts to less than two
percent by weight of the total formulation and replaces an equal quantity of
plasticizer 80 as to keep the total plasticizer-to-polymier ratio constant.

2-5
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Table 2-2

UNIAXIAL FAILURE STRESS AND STRAIN
AT ICRPG (1963) FAILURE POINT, Rate 5%/min

Failure Stress (psi)
Failure Sirzin {percent)

Propellant o Temperature (°F)
Formulation 140 83 16 - .50 .85
55 79 212 383 635
84 RB
5.3 6.0 7.6 5.1 4,81
53 76 138 421 850
84 NB
19 22.1 12.5 6.2 2,95
79 124 294 - -
88 RB
4,1 4.3 5.2 .- --
72 96 190 557 773
88 NB
13 13.1 12.1 5.3 1.71
69 91 185 485 802
84 NBCS
18 18.6 12.6 7.1 2.38
88 108 196 538 882
88 NBCS
14 13.8 11.7 5.6 2.25
3l 54 167 326 457
88 RC
8.2 8.4 8.2 3.08 2.37
66 87 181 530 662
88 NC
9.2 9.2 9.2 3.20 2.00
40 68 164 326 446
88 RBC
14.2 12.7 9.7 4,72 2.99
81 107 198 543 -
88 NBC
10.7 3.7 6.7 3.43 -
2-6
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Table 2-3
DIAMETRAL COMPRESSION HORIZONTAL FAILURE STRESS AND STRAIN
AT CENTER, Rate 6.3%,’1‘1‘11:1 VERTICAL DIAMETER CHANGE
Failure Stress (psi)
Faillure Cirvain {percent)
Propellant Temperature (°F)
Formulation 140 74 10
52.3 102 235
84 RB
20.3 27.2 312
43.6 84.8 211
84 NB
37.1 53.6 56.9
63.9 127.6 266
88 KP
13.1 18.9 20.0
54.0 81.7 163
88 NB
27.0 30.1 36.2
53.2 91.7 213
84 NBCS
35.7 44,3 1 53.7
69.5 100 170
88 NBCS
24.2 28.2 26.5
30.6 102 196
88 RC
28.5 30.1 29.1
52.3 77.9 170
88 NC :
25.7 22.0 28.0
38.7 89.6 169
88 RBC
33.9 31.3 32.9
71.4 112 240
88 NBC
| 19.5 25.2 26.6
2-7
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Table 2-4

667-Q-2

DOUBIE-LAP SHEAR FAILURE STRESS AND STRAIN,
Rate 6.7% /min

Failure Stress {psi)

Failure Strain (percent)

Oy
Propellunt Temperature (°F)
o
Formulation 120 "
50,2 £0.9
84 RB
3.9 25.7
40.5 62.1
84 NB
41.5 4,.8
54,0 89.2
88 RB
15.1 18.0
60.9 £3.1
88 NB ]
31.8 34.8
38,2 66.5
84 NBCS
33.9 37.4
64.9 104
88 NBCS
3!.1 34.1
29.2 75.1
88 RC
34.1 34.l
49.6 88.6
88 NC
21.3 31‘2
25.9 68.5
88 RBC
39.4 37.5
65.8 113
88 NBC
25.1 3.2

LOCKHEED PROPULSION COMPA
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In Figure 2-3, the effects of solids loading on the PBAA and PBAN bioxidizer
formulatione are compared at the 84 and 88 weight-percent solids loading
levels. The failure characteristicas arc similar to the tricxidizcr formula-
tions in that increasing solids loading results in increcased failure stress

and reduced failure strains,

Brittle fracture was obtained with the PBAN propellants when tested at

-50 and -85%°F. Again it was found that the PBAA propellants have unusually
low failure strains and high failure stresses as noted for the uncatalyzed
trioxidizer PBAA formulations.

A comparison between the uncatalyzed trioxidizer and bioxidizer formula-
tions is presented in Figures 2-4 and 2-5 for the PBAN and PBAA propel-
lants, respectively. In general, the bioxidizer formulations show slightly
superior strain and stress capability for both binder types and solids load-
ing lerels. However, this situation is reversed at higher temperatures
with the PBAA formulations.

Figures 2-6 and 2-7 illustrate the effect of the liquid burning rate catalyst
on the failure properties of the bioxidizer and trioxidizer formulaticns at

88 percent loading for PBAA and PBAN propellants, respectively. The

dat2 for the PBAA binder show a significant softening of the propellant when
the liguid burning rate catalyst is added. Failure strain capability is in-
creased by approximately a factor of two at the higher temperatures and

the stresses are correspondingly lower. Inspection of Figure 2-7 reveals
no such effect for the PBAN binder propellants and in fact a slight stiffening
is observed due to the liquid catalyst. The data therefore show a preferent-
ial interaction between the liquid burning rate catalyst and the PBAA binder,
tending to reduce the effective network crosslinking or otherwise loosen the
binder structure. The fact that the biggest effect is obtained at higher
terperatures suggests that binder crosslinkiag structure (or effective

chain length) is modii.ed by the catalyst, resulting in a lower modulus in
the temperature region where long range interactions are most important.
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2.4 VISCOLLASTICO CHARLACTERIZATION AND INVESTIGATION GF ;
NUI.’L{E«::I“LP PLHEAVICH

Previous work, given in the first guarte:
tengile reeponee of the G0 v 1"hn'~z ?rccm i
at strains 01’ the order of 1o b pere t. o2

by increasing niodulus with increasing sai."
for the remaining high solils loaded pr(s
magnitude of thxs particular effect increase
and as the binder modulus decreases at a con

Lownd thnt th
as the solids loading is increnged ‘
stant solids lending.

The study of the tensile relaxation responce of the first group of highly loaded
pr0pe11ant formulations has been continued and extended to termperatures
ranging from -24° F to +174°%F, In generm, rclaxation response was found

to be a nonlinear function of strain level in the ] to 5 percent strain range.

In addition, time-temperature superposition of the data was found to be poor.
Howevcr, mathematical inversion of the reduced relaxation data to complex
tensile modulus form was performed and the results were compared wi th
frequency-temperature superposed, experimentally measured dynamic shear
data for the same propellants. The dynxmxc shear tests werd performed at
very low strains of the order of 6 x 10-? percent. In general, results which
have been analyzed thus far show good agreement between the loss moduli
components from the tensile relaxation data and the measured dynamic shear
data. However, the storage component curves do not show good agreement.
The storage moduli calculated from the tencile relaxation tests axn gonerally
larger than the values calculated from the small deformetion shear data. The
disrrepancy increascs at lower frequencies or a2t higher temperatures, result-
ing in a slope mismatch between the curves of lorv modulus versus log reduced
' frequency in the overlap region,

Data reduction and analysis are still in progress and detailed results will be
given in subsequent reports,
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Secticn 3

FRACTURE MICHANICS

3.1 GENERAL

Work during the quarter was concentrated on failure surface definition in
orthogonal stress space and studies of crack propagation in biaxial strip test
specimens. Studies of test specimens for obtaining failure data in three
dimensional stress states have continued. Section 3.2 presenis the results
of the failure surface studies., The informetion in this section is essentially
identical to that contained in AIAA preprint paper No. 65-157, A preliminary
ectimate has becen made of the shape of the failure surface in stress space
for an 84 weight-percent solids loaded FBAN propellant., A maximumn tensile
stress crite-ion appears consistent with the limited data for the tensile
octant; an internal friction criterion appears generically applicable in the
octants where tensions and compressions are combined. Superposed hydro-
static p.essurc on uniaxial tension causcd caly small changes in strength and

elongation.

Section 3.3 describes the results of the lirnited studies and experiments thot
have directed attention to relationships betwaon crack propagation velocily
and propellant physical characteristics. Good agreerment was feund batween

measured and predicted crack extensions.

3.2 FAILURE SURFACE STUDIES

Stress and stra.n analyses are two fundamental requirements for determining
a rocket motor's structural capabilities. The linear theory of viscoclasticity
has proviced a useful (though not always precise) guide to the stresses and
strains in rocket motors. Prediction of failure in solid propellant grains,
however, has been dependent upon 2 much less reliable source. In most
instances, fa.lure analyses lean heavily on uniaxial tensile test data. Since
a solid propellant grain is subjected to a spectruin of three-dimensional
stress states, the applicability of uniaxial tensile data to the prediction of
rnotor failure is questionable. An understanding of how failure properties
depend upon the state of stress or stress axiality is required for the proper

conduct of a failure analyeis.
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One descriptive correlation of failure dependence on stress state is the 50-
calied failure surface, defined in a three-dimensional space by the values

of the principal stresses at failure. Th~ failure surface and its general
topology have been discussed elsewhere (Ref.?,4). A major difficulty associ-
ated with this type of representation is the fact that the failure properties of
solid propellants depernd upon their loading history as well as stress axiality.
Since a given stress statc at failure, in principle, may be reached by an
infinite variety of loadiny histories, a failure surface exists only for specific
loading histories. Sharma (Ref. 5 ), for example, describes traces of the
failure surface for those loading histories in which the maximum principal
strain rates are identical,

Experimental results on the stress state dependence of filled rubber failure
properties have been reported previously by Sharma, Ref. % ) Jones,

(Ref. 7) and Majerus, (Ref. 3 ). In Sharma's paper (Ref. 6), attention
was focused upon delineating the failure surface for a viscoclastic material,
which, however, was not representative of most prepellants, Jones and
Majerus made no specific attemnpt to establish the failure surface.

The following cunsiders the failure surface for a PBAN propellant with a
solids lcading of between 69 and 80 percent by volumme. The mechanics of

the test and the reduction of data to a rcasonable presentation are empha-
sized. Representative data for one strain rate and one temperaturc ire pre-
sented for a nurmnber of multiaxial stress states. While a number of questions
remain, particularly with respect to proper stress analysis of the tests, the
results of this investigation are encouraging. A first approximation to the
failure surface in stress space has been obtained, and its variation with pro-
pellant solids loading has been partially explored.

3.2.1 Test Analysis

While linear viscoe astic stress analysis has provided a sigrificant guide to
propellant stress analysis, it posscesses limitations which are not fully
understood, e.g., large deformation effects and the differing responses to
compressive and tensile loads. Although it is necessary to consider these
effects if an analysis of failure data is to be precise, they cannot be accounted
for at the present time in a refined manner. Indeed, their incorporation in
test data analysis depends as much upon engineering extrapolation as upon
mathematical rigor. As a consequence, the following work has to be viewed
more as a step in the proper direction than as an ultimate result,

For the purpose of the present discussion, we shall distinguish between
effects of large deformations upon the stress field and the effect »f nonlinear
material behavior. It can be shown (Ref. 6, 7 ) that the change in stress
values due to consideration of large deformation rarely exceeds the order of
the maximum strain value. While deformations at failure in dominantly com-
pressive stress fields may exceed 25 percent, deforrnations in the tests

3-2
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reporicd here are generally of this order or less. The stress analyses of

the tecets, therefore, arc baced on the usual assumption of infinitesimal
deformations. The effects of bilinear compression-teazion moduli are dis-
cussed in the tollowing parzgraphs appropriate to the particular tests in which

they are an important foctor,

Seven tests ropresonting & multiplicity of locations in three-dimonoions
stress space have becn urrd in compiling the Jdatn preosented | ., Test
specimen geometries are shown in Figure 3-1. The tests are listed below,
and their principal stress values are shown for the observed sites of failure
initiation in terms of applicd boundary stresses or loads. The calculation
of these stresses is based on the assumptions of material linearity, homo-
geneity, continuity, and infinitesimal deformation, Arabic subscripts
indicate principal stresses, the 1" direction identifies the principzal tensile
stress in each tect.

Strip Biaxial Tension

U‘l = G

Uz = 0'1/2 (l)

0y = U

where o, is the average applied stress for a strip of length at least 5
times its height (Figure 3-1).

Uniaxial Tension

L = 0y
(2)
o, = 03=0
where o, 1s the applied tension.

Uniaxial Compression

0 = '(To

(3)
g, = o, = 0
where o, is the applied compression.
Strip Biaxial Compression
G U
o, = U’/Z (4)
c, = 0

3-3
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o, = =30, (5) ,
oy, =0
where :
F = applicd compression 4
d = specimen diameter
t = specimen thickness,
Shear
o, = 1
o, = =Ty (¢)
o, = 0

where 1, is the average applied shearing stress in a laterally restrained
or "simple' shear geometry (Figure 3-1).

Uniaxial Tension With Superposed Hydrostatic Pressure

Ul = 0'3 = "U’H

where -o ., is the applied hydrostatic gas pressure,

The shear test and the diametral compression test require additional con-
siderations. Previously, it was determined that shear strains produce
significant stresses normal to the applied shear (Ref. 9 ) if the outer sup-
poerts are restrained from lateral motion. Specifically, it was found that
the normal stress ¢ across the shear is proportionzal to the applied ghear

stress T, and is, approximately,

Uy:téo-3 ".o (8)

where T, is the shear force divided by the total area.
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Herrmann (Ref. 1)) has considercd the effect of bilinear material properties
on the simple shear test and shows that the normal stress o along the
largest dimension is equal to ¢ For a ratio of tensile-to-compressive
modulus of 1/2, which is characteristic of propellants with the solids lood-
ing* investigated here, the stresses o4 and o have been found to be approxi-
mately 1/3 the shear stress. Thercfore, the principal stresses are

o, = 0.7 To (9)

Uz = "1.3 To
whereas linear theory yielded ¢; = -0, = T, (Equation 6).

A similarly detailed analysis for the diametral compression test has not been
performed, primarily because the stress distribution varies through the
body, which significantly complicates the analysis. However, an estimate
of the correction can be obtained if one considers the different modulus
values in tension and compression. Inasmuch as the corapressive modulus
is about twice as large as the tensile modulus, one could assume that half
of the compressive force is absorbed in the disk without producing trans-
verse stresses and that the remainder of the force gives rise to the tensile
stress ¢,. Instead of the 3'1 ratio between the principal compression and
tension stresses found in linear analysis (Equation 5), a ratio nearer to 6:1
appears to be more realistic.

It is clear that nonlinear material behavior can influence significantly the
evaluation of the test results. While the precision of the analysis is question-
able, it is qualitatively correct and reduces the effects due to material non-
linearity.

3.2.2 Experimental Results

Tests were performed on an Instron testing machine. The testing speed was
adjusted so that the principal tensile strain rate ¢, was equal to 0.07 in./in./
min when based on the specimen dimensions before deformation. The occur-
rence of failure was defined by observed cracking or by the maximum in the
load -displacement trace, whichever occurred first.

The test points shown here are representative of a more complete set of
failure properties given in Reference 1. For the present purpose
of examining the effect of stress axiality on failure, it suffices to consider
data derived from one strain rate and at one temperature. Figures 3-2 and
3.3 show failure data for three solid loadings of a PBAN binder at 10°F and
7 percent/min strain rate. The shear and diame:ral compression test data
in Figure 3-3 were reduced according to the bilinear analysis.
*This ratio depends also upon loading, but such detailed consideration has
been omitted here.

3-6
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3.2.3 Discussion

The modes of failure observed were normal tensile cracking in the strip and
uniaxial tensile tests and shear sliding for the rernaining tests, Shear fails
ure surfaces were oricnted approximately 36°I" off the direction ¢of the maxi-
mum normal compression stress. An obviocus increase in the shear stresses
accompanies increases in normal compressions. This is believed to be a
consequence of intergranular friction under compression and, orf course, is
not significant under tensions wheve the granules tend to be separated by the
deformations. In this respect, the general failure behavior of the propellant
is similar to that of a water-saturated sandy clay (Ref. 11). Such materials
may be characterized by a single value of tensile strength and a shear strength
that varies in proportion to the normal stress across the plane of potential
shear fracture. This kind of behavior is represented conveniently in the form

of a Mohr envelope (e.g., Ref. 12).

Uniaxial data obtained with tension superposcd on a hydrostatic (gas) pres-
sure for the 70 percent by volume solids lozded formulation showed that the
amount of tension required to cause failure increased only slightly for pres-
sures up to 1000 psi (Figure 3-2). The indicated tensile strength is nominally
con tant and independent of the pressure, any increment of the latter being
cariied by neutral pressures in the rubber matrix which fills the voids
between particies. These ncutral pressures in the rubber naturally do not
contribute to an increase of the intergranular frictions or binding forces
between the granules and the matrix,.

The small increases noted in strength with pressure can be attributed to
increases in intergranular friction, interphase friction or increases in the
strength of the binder alone under pressure. The size of the effect is guch
that any of the three phenomena could rationalize the strength changes; as
the solids volumetric loading is increased, the interparticle reactions can
be expected to domninate in importance.

Since each of the stress states examined in these tests (excepting pressurized
tensile trsts) lies on one of the coordinate planes* in the principal stress
space, an experimental picture of the complete failure surface cannot be
constructed. However, in view of the need of failure analysis in sclid pro-
pellant rocket design, it becomes interesting to sketch a possible extrapolation
of the biaxial data to the triaxial stress states. Tests to examine the failure
surface in these octants are planned for the future. As a practical example
of such need for extrapolation, consider the bond stresses in an unpressur-
ized, axially accelerated motor; in this case, the principal stresses can lie
in the ++- or +-- octants, substantially away {rom any of the coordinate
planes. Extrapolation «f the data of Figure 3-3 to construct a reasonable
surface may be done in vrious ways. Figure 3.4 illustrates a construction
for the part of the sur?: r above the o,, o, planc, based on use of the Mohr

envelope,

% It should be recalled hat we are considering engineering strese2s only, Due
to large deformatione. the stress state may be charged such that the test
points do not fall exac:ly on the coordinate planes.

3-9
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The data obtained in this study do not {it any of the clagsical aanlytic failure
theorics with convincing accuracy. At Lest, the limited data on the planes
in the +44+ octant suggest & moxiraura teasile stress criterlon, and the ghear
and compression data extrapsolated intoe the 4-- octant are not in groes dige
agreement with a lincar internal fricticn cxiterion, Howcver, agreement
with an analytically formulated criterion is valuable but not critical for
design purposes and this initial, pragmeatic mapping of the surface produces
in principle the desired engincering information, With connective theory
relating the mechanics cf failure to the shape of the failure surface, a con-
fident reduction in engincering detail required for the mapping, in addition to
an insight into material st~ength optimization, would result, This is an
ultimate gbjective of the work in progress,

Experimental tests of PBAA, carboxy-terminated and Nitroplactisol propel-
lants in compression, shear and tension have indicated that the general failure
behavior of these propellants is not widely at variance with that depicted in
Figures 3-3 and 3.4, Of course, there are differences in stress magnitudes
at failure and in the envelopes for difierent strain rates and temperatures.

It is noteworthy that the shapc of the failure surface, as well as its spatial
location, can change significantly with temperature for a single formulation,
of the propellant (e.g., Ref. 1, 11).

It should be kept in mind that the above data and their interpolation lack the
support of a precise stress analysis. Not withstanding this deficiency, the
inforrnation as presented exemplifies a better engineering tool for rocket
motor evaluation than previously has becn available. The obvious limitations
of the data emphasize the need for additional experimental points on the failure
surface off the coordinate planes and practical stress analysis methods that
account for intrinsic and deformational nonlinearities in propellant behavior.
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3.3 FRACTURE PROPAGATION STUDIES

Fracture propagation in viscoelastic materials is regulated by their strength,
the driving stresses and the energy absorbed in the fracture process. Each
of these parameters is time and temperature dependent. This section
describes the results of a study of crack propagation in biaxially stressed
plates of PBAA propellant.

Current theories of fracture in polymers generally agree that crack exten-
sions occur in discrete jumps of a distance § which occur in a time t§. §is
a fixed dimension characteristic of the material. It is proposed herein that
t§ is a particular function related to the measured failure properties of the
propellant and the driving stress. The time dependence of the function at
various temperatures is derived and compared with experimental data for
crack extension and crack velocity under conditions of time-varying driving
stress. Excellent agreement between measured and predicted crack exten-
sions was observed.

3.2.1 Analysis

The first criterion for the elastic fracture of rubbery materials resulted
from an extension of the Griifith brittle fracture theory (Ref. 13) by

Rivlin and Thomas (F.ef. 14). Greensmith and Thomas (Refs. 15, 16,17, 18}
observed that, under equilibrium conditions, the energy absorbed by fracture
could be approximated by

T = Wyd (1

where W, is the critical strain energy density for failure in an initially
uncracked specimen and d is twic- the radius of curvature of the crack tip,
Williams (Refs. 19, 20) applied the concept of the Griffith criterion to predic-
tion of crack initiation and propagation in rubbery materials along similar
lines of inquiry.

Williams' mod:l of the crack postulated that the crack extended in discrete
jumps of distance §. In an infinite sheet stressed biaxially in tension, the
stress at the tip of a crack of initial length 2b in the sheet is given by

ey,
b + mb
U’cftf 20’0‘\/—-—26————- (2)

where o, is the stress normal to the crack's axis at a distance and m is the
number of jumps by which the crack has extended. The crack tip radius of
curvature d/2 is identified in Equation (2) as 6. According to this relation-
ship, the stress increases with crack length b+méand the crack velocity may
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be expected to incrense with its extension, Applyiny lincny theory to the crack
in a viecoelastic medium, Williaras (Pef. 20) fourd ex sniong for erack
velocity and extension with time. Theee exprescions wore Laced on the assump-
tion of a maximum ctrain rupture criterion.

Recent work at LPC (Refs. 21,1, 22) has sh-wn that gross failure in prepel-
lant conforms to a meximum tensile stress sailure criterion, Application of
the strese criterion to the crack extension 1’3?0‘:‘)11“%1“} ie, therefore, appropriate.

Only a special case of crack extension will be treated horer namely, when
the crack tip stresses are not 2 function of crack length. Eguation (2) above
describes the stresses at the crack tip when the crack is small with recpect
to the size of the plate and far removed from its boundaries. When the crack
is long with respect to the sheet width (perpendicular to the crack), the crack
tip stresses do not change materially with extension. In practice this condi-
tion is achieved by clampmg a long plate between rigid boundaries and ehttmg
it a distance about equal to its height (or gage length). The slitted specimen
is then extended normal to the slit, which can be considered to be an initial
static crack. The critical dimensions of the crack influencing its propagation
under these boundary conditions are its tip radius and the jump distance &.

The crack extension model to be considered here follows that proposed by
Rivlin, Thomas, Williams, et al, in that extension of the crack occurs in dis-
crete jumps of distance §. When the extension 8 occurs in a time t§, the
crack velocity S is given by the identity

. [}
é
The variation of $ with material propertieag and crack driving strese is speci-
fied by the variation of t§ with these properties. 8 is a constant characteristic
dimension for the material thought to be related to ite microstructure.

Extending consideration of Equation (3) for the viscoelastic casy, we postulate
that S(t) is proportional to the time to failure observed in tests of the material
and inversely proportional to the driving stress. The particular test mode of
interest herein is constant strain rate. When measured at constant strain
rate, the rupture stress in propellant varies with the time to rupture of the
sample as shown in Figure 3-5. The observed relationship may be approxi-
mated analytically by

o (t) ~ B(1/t)™ (4)

over wide ranges of time. Assuming gross rupture behavior varies identi-
cally with the microscopic fracture, the variation of tg(t) with time may be
expressed as .

tg (1) a I?l— (1/9™ (5)
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Figure 3-5 Stress at Rupture versus Reduced Time at 70°F,
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where k) is an urdetermine? conetant, The driving streos in the sheet under
constant strain rate coenditions may be 2ppresinated by

Aé ,l-n
RS AT ¢ a
Vo (t) 3 1-[\ “ (6)
when the relaxation medulus is linear with time ir log-log coordinates, nis

the slope of the log modulus curve, A is its intercept at t = 1, ard é the
strain rate. The relasorion modulus for the propelliant ueed in 5o enperie
ments is shown in Figurce 3-0,

Postulating that

-m
t8 (t) ~ ?“/_‘31 (7
it follows that

and, integrating

k, § Aé
1 2-(m+n)
\
S(t) & B(l-nj{c-m-n) t -¢ (9)
5(t) plotted versus tZ-(m+n) should yicld s linear relationship for the crack

prepagation model described by Equation (9}, The crack extension with time
is an experimental observable,

According to the work of Williams(Ref.20),the dimension § may be estimated

as the critical radius of the crack tip. The measured critical crack tip dia-
meter is approximately ©.02 inch and, hence, 8§ = 0.01 inch. The value of §

for gum rubbers was estimated to be of this order by Thomas (Ref. 17). The
constants k, and ¢ are, therefore, the only undetermined constanis.

3.3.2 Experimental Results

Fracture extension experiments were made using biaxial strio test specimens
of PBAA propellant (LPC-543B, Batch 4404). The specimens were machined
plates (10 x 2.25 x 0.13 inches) with in situ bonded wooden rest.aints along

the long edges. Fracture specimens were slit with a razor blade along their
midlines a distance of 2.4 inches from one edg.. The apecimens were tested
in an Instron tester at a c. .8shead speed of 0.1 inch/minute to obtain a strain
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rate of 0.0444 min-! in the body of plate. The ultimate propovty data shown
in Figure 3-5 were obtained in tests of identical but unslit spocinaons at the

‘ same strain rate. The stress relaxation medulus data shown in Fipure 3-6

were obtained in tests of uniaxial wooden (2bend tensile grocivam i

in accordance with the ICRPG test procedure (CPIA No. 21, 190%).

data of Figures 3-5 and 3-6 are presented in reduced variohle form

the shift factor shown on Figure 3-6,

Crack extensions were measured at 0.1 inch intervals by visunl chservation

of the crack through a magnifying glass. Typical data.aye shown in Figure 3-7.
Mezsured crack extensions are shown plotted versus t¥#={mM*n) in Firure 3-8,
The exponents n and m were measured from shifted data. The slopes were
taken in the time region within which the experiment was done and the inter-
cepts at various temperatures determined graphically.

3.3.3 Discussion

The data of Figure 3-8 show excellent agreement with the postulated time
variation of crack extension. Taking the constant of integration in Equation (9)

i as
: N
| A tiZ (m+n)

; "¢ EIT-RZTRom)

) where t; is the time of crack initiation and & = 0.01, the undatermined constant
" k, is found to be 165 for the data presented. Crack velocities predicted by
Equation (8) are of the order of 1.0 to 2.5 inches per minute, depending on
crack length and test temperature, in excellent agreement with the experi-
mental observations.

The agreement between the crack velocity and extension relationships,
Equations (8) and (7), apply only to the constant strain rate test mode for
initially guite long cracks. Further analysis is required for this test mode
for cracks initially small with respect to plate dimensions. Small cracks
can be expected to accelerate rather rapidly with time, because of the high
stress concentrations at their tips (cf. Equation 2).

The failure properties of propellant (i.e., those shown in Figure 3-5) do
not shift linearly with varying strain rate. Extension of §(t) and S(t) relation-
ships to consideration of crack extension at varying strain rate requires,
therefore, measurement of the failure properties at various strain rates,

Crack propagation under other counditions of time varying stress is a matter
of both general and specific interest. The observed slopes of rupture stress
versus time curves for constant stress and constant strain tests of the pro-
pellant used in these tests is approximately the same as the slope of the
curve shown in Tigure 3-5. T he analysis for 5{t, appropriate to the constant

LOCKMHEED PROPULSION COMP

TS S B s AT . A S 8 RNCEIS L YT Y TSALS oM A B g chkr

R



ARVERDD NOIE 1Nd0Rd GASNATO T

$4-263

PO i)

o
o

EATEN

CRACK

T = 70°F

SLIT BIAXIAL STRIP SPECIMEN

¢ = 0.0444 MIN-!

LPC 5438 PROPELLANT, BATCH 4404
|

3 4
TIME (Min)

Figure 3-7 Crack Extension versus Time

02-69-¥1L-Td¥4dV

-L-L99

N o X1 4N R

R




61-¢

L4
oo,

0.2

©

>
X M
DOBLIT SAK AL STRIP $SECIMD ,
. LT i : STRIP SSECIMENS FFk=z1.7 o
: ]
] ]
m 3
P Y
; SPF k=2 ro
m S
! £0°F k= 1.7
E ; i ~ K

e

T AN G 4 g1

R R AR

LPC 5438 PROPELLANT
‘ BATCH 8404
rﬂf« b S w ~
2 3 4 5 6 7 8 9
REDUCED TIME, tk (i)

I S & SIS, Gt

[~

2-D-L99

Figure 3-8 Crack Extension versus Reduced Time

R S Ve o i A S N e

e

ot QR

B St e




Sotopeed e Lo At R

e

AFRPL-TR-65-20 667-0Q-2

stress test condition predicts that the cracks propagate at @ nearly uniform
velecity, Urder constant strain conditions, a crack started by the initisl

straining should decelerate and stop. Both predictions are in accord with
data obtaincd in single tests. Further analysis and experimentation dofining
such behavior is recommendced, .
The agreement betwaen the analytical predictions and experiraental shoerva-
tions is considercd excellent, Extended efforts with greater attention to
rigorous theoretical development of the analysis ie recomrended. Future
engineering applications of fracture mechanics analysis include, for example,
rocket grain defect analysis and prediction of threshold conditions for catas-
trophic grain cracking. Extension of fracture mechanics analysis to the
energetics of fracture extension is also a potentially fruitful method for
studying the relationships among binder molecular structure, interphase
adhesions, solids particulate properties, and intrinsic propellant strength,

3-20
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4.1 INTRODUCTION

Current arcas of intercst are as follawvs:

o Determination of viscoclastic and thermoelastic properties of
propellant and associated materials, using cyclic technigues

© Investigation of propellant mechanical and thermal response to
sustained cyclic loading

e Determination of vibration failure medes in solid propellante
and correlation of propellant microstructure with vibration failure

resistance .

Previous work at LFPC (Ref. 2! ) has demonstrated the equivalence of transient
and dynamic physical property characterization techniques fur practical pro-
pellants. The problems introduccd by the neonlincar viscoelastic behavior of
highly loaded propellant systems {¢c.p., strain-induced nonlincarity and
thermal degradation) were examined Ly means of largs deformation dynaraic
tests, In addition, viscoelastic heating effects were studied; and the possi-
bility of regenerative heating, leading to thermal and raechanical instability
in solid propellant systerns subjected to sustained cyclic loading, was deduced
on theoretical grounds. The current work is directed at the extension and

amplification of these results,

Experimental investigations are discussed in which propellant dynamic shear
and bulk properiies were measured with the small deformation piezoelectric
devices previously described (Ref. 1 ), Shear moduli of PBAA and PEAN
propellant and cured binder are presented and compared with linear thermal
expansion mcasurements of glass transition temperature obtained for similar
propellants. Analysis technigques and calibration results are discussed for
the dynamic bulk modulus device.

An experimental investigation of propellant thermomechanical response to
sustained cyclic inertial loading was completed. Experimental results are
presented, noting that they are in qualitative agreement with theoretical pre-
dictions. In particular, jump instability caused by regeneral.ve thermai

and mechanical coupling was obtained experimentally. Also completed were
experimental investigations of the transient thermoviscoclastic response
under constant cyclic strain amplitude (fixed output) loading and with inertial
loading. Expecrimental results are given including an investigation of

cyclic degradation effects,
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4.2 DYHSLTL VISOOULANTIO CUAT ALTIRIZATION

o F A

and t:::,.;“ﬁ”";_' viin doacrlind
the dovice conr 35": cf a pler
solid or liguid spocimen h Calorms
inches. The epecimen out pu force and phmn rcl:mo:.*;?np to the drwmv
deformaticn are mzarsured and are uned, together with the mecasured "wci«
men dimensicns, to calculate dynamic viscoelastic properties of the specimen,
The apparatus iz precently bci”:g uscd to viscoelastically chmrameriae a

wide variety of propellants, binders and associated rocket motor materizls.

Dynamic shear moduli of PBAA and PEAN propellants and cured binders

have been chtained over a wide rangz of temperature and at frequencies from
20 to 1000 cycles per second. ‘%;orwo and loss meduli (G' and G", respec-
tively) are showvm plotted versus temperature at several frequencies in
Figures 4-1 and 4.2 for Loth the 84 percent solids loaded propellants and

the cured birders. In addition, the '"glass transition temperature region"

as measurcd by linear thermal expansion coefficient technigues on similar
propellant formulations is shown on each graph, Correlation of this tem-
perature witr the temperature region vhere the propellant dynamic properties
become relatively independent of tempovature and frequency was observed for
Nitroplastizol propelliant and binder in addition to the rubber-base propellants

shown.

The data show the generally anticipzted effect of the addition of solid filler

to an elastomer. The viscoelas*m transition region is significantly breadened
and the moduli are increased particularly at higher temnperatures. Charac-
teristic regions, such as the loss moduli pegks and the low temperature limit
where the response becomes frequency independent, are observed to ghift
siightly to higher ternperatures with the addition of filler. This effect also
occure for the Nitroplastisol propellant and binder where the magnitude of

the shift appears to be much more significant. The anticipated shift of the
response curve to higher temperaturce as the excitation frequency is increased
is clearly evident for both sets of data. The generaily lower characteristic
temperatures for the PBAA as compared with the PBAN materials correlates
well with the better low temperature physical property capability observed
for PBAA propellants,
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4.2.2 Dynamic Bulk Modulus

An apparatus, similar to the dynarmic shear modulus device (described in

the last section) but designed to measure t' @ dynamic bulk meduli of materials,
is currently being evaluated. The appari.us contains a pressure cavity

within which the specimen material is placed. The specimen ‘e hydrostatic-
ally pressurized and a small sinusoidal pressure is superpose: on the
hydrostatic component by sinusoidally varying the volume of the cavity by
means of a piczoelectric driver and piston arrangement (Ref. 1). The
resulting sinusoidal pressure is measured and compared with the input vol-
ume change to compute bulk modulus properties of the confincd material.

The device is presently being calibrated with standard fluids for eventual
measurement of propellant properties. The calibration technique is as
follows. The bulk modulus (K) is defined as

K = Ap/.A‘;’_ (n

where V is the nominal cavity volume, 4V is the dynamic volume change and
AP is the resulting dynamic cavity pressure. Of major concern in the cali-
bration process, particularly for high bulk modulus materials, is the effective
bulk modulus or compliance of the constraining cavity. Clearly, for a real
cavity with finite coinpliance, the inpvt volume change will equal the sum of
the sample volume change 4F, and the cavity volume change &4V, that is:

bV =4V, + bV, (2)

Since both the cavity walle aad the constrained sample experience the same
pressure variation AP (assuming that measurement frequencies are low enough
to make pressure wave propagation effects negligible) we can define the sam-
ple bulk modulus Ky and the effective cavity bulk modulus K as follows:

K, = ap/230L | x, = ap/LJe (3)

Combining these definitions with the volume relationshin, Equation (2},
results in

B‘+BO:T;’_..A‘,V.:B (4)

where By and B are the sample and cavity compliances, defined as recip-
rocals of the respertive bulk moduli and B is the total measured compliance,
the reciprocal of K in Equztion (1). The output dynamic pressure 4P and
input dynamic volume change are lincarily reiated to the apparatus output
and input transducer voltages v and v; as foliows:

L P - C‘vo , AV = szi

LOCKKEED PROPULSION CONPANY




Thus, Equation (4 becomes

C, v, 1

Therefore, for constant input voltaye, v,, and ceastant cavity compliance,
B,. the sample compliance is linearly related to the reciprocal of the
measured output voltage. Thus for a constant cavity compliance, the appa-
ratus can be calibrated by defining the lincar relationship of Equation (5)
from measuremer's of samples with know::. bulk compliance,

A typical calibration curve is shown in Figure 4-3 for a single temperature
and hydrostatic pressure. In general, the calibration curve will be a funccion
of both temperature and nydrostatic pressure, the temperature dependence
associated primarily with the input and output transducer coefficients and

the pressure dependence associated primarily with a reduction of mechanical
slack in the system as the hydrostatic pressure is increased,
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Figure 4-3 Calibration Curve Dynamic Bulk Modulus Apparatus
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4.3 LARGE STRAIN DYNANIC FROVERTIES AND VISCOELASTIC
HEATING EFFECTS

Farlier work at 1.PC in *his area consieted of anaiytical studies of the physical
and thermal response ot propellant to dynamic loading and experimental meas -
urements of the dynamic response of propellants to large cyclic deforrmations
(Refs. 21, 1 ). These investigations showed that o large temperature rise
could be obtained an. =zrtain types of ionlinearities and degradatien effects
were found tc be sig.'.icant in the respense of an 84 percent total solids-loaded
propellant at strain levels of “nly a few percent.

Present work is exariining the validity of uring linear viscoelastic theory to
predict the thermo-mechanical response of highly filled propellants. The
ultimate aim is to deveiup engineering methods fur ihe prediction of dynamic
behavior and heating cffects in real motor situations,

Additional experimental data are given f1om constant strain amplitude and
inertial loading experimerts on propellant. Regenerative coupling between
generated heat and viscoelastic properties was obtained under inertial load-
ing conditions and resulted in jump-instability, as predicted theoretically.

Further experimental Jdata are presented from tests in which transient,
dynamic thermoviscoelastic response, and degradation effects were studied
under two types of thermal boundary conditions: (a) approximnately adiabatic
and (b), unidirectional heat flow to a constant temperature boundary.

4.3.1 Experimental Techniques

Propellant specimens were subjected to steady-state sinuccoidal shear dis-
placements, as shown in Figures 4-1 and 4-5 . Two loading conditions
were investigated: (1) output rigidly connected to force transducer (fixed

Y

output), and {¢) output mertially loaded by large mnass.

For the first loading condition, the input strain and the output force were
measured together with the phase relationship between them. From these
data, the dynamic shear storage and loss moduli were then obtained as pre-
viously described (Ref. 1). When an inertial loading test was made, the
irput strain amplitude (V,) and the amplitude of the mass (V,,) were meas-
ured and also thc phase difference (a) between them.

In both test modes, tae specimen is driven at a constant sinusoidal displace-
ment by means of a mechanical cam-drive arrangement. This is shown
pictorially in Figure 4-% , arranged for an inertiul leading test. The milling
mackine, shown at the right of the photograph, actuates a cam and cam-follower
arrangement to drive the propellant shear specimen shown in the center of the
photograph. Return force for the cam-follower 13 supplied by the compression

LOCKKEED PROPULSIC'I COMPANY
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spring between the driver shaft guides. Input motion is measured at the
sample supports by a potentiometer -type linear motion transducer. The
center support of the double-lap shear specimen is attached to a loading
shaft constrained to move only along the axis of shear by a set of rectangular
linear motion bearings. The inertial mass is clamped to the loading shaft
and is adjus.ed by addition or removal of weights. The sliding friction of
the arrangement when fully loaded is only a few ounces. Cutput motion is
measured at the sample support by another potentiometer -type linear motion
transducer.

For the fixed output test, the inertial loading system is replaced by a rigid
force-measuring cell to which the specimen is attached (Ref. Z1).

The excitation frequency is changed by varying th: cam revolution speed in
discrete steps from 1.3 to 45 cycles per second. The input displacement
amplitudes are controlled by interchanging driver cams.

Specimens were prepared by bending milled propellant bars to the support
members with epoxy adhesive. The semicircular fillets shown in the figures
(4-4 and 4-5 ) were machined into the propellant bars to prevent specimen
cracking in the regions of high stress at the specimen corners. All tests
were performed with the outer supports constrained to prevent lateral strain
and standardize the tes! geometry.

Two thermal boundary conditions were investigated. The first was an app~-
roximation to unidirectional heat flow laterally outward from the double-lap
shear center support, and the second was an approximation to adiabatic
~conditions. Figures 4-4 through 4-5 illustrate the unidirectional heat flow
experimental arrangement. In application, all exposed propellant surfaces
were thermally insulated with a soft foam-rubber material so that the major -
ity of the heat generated in the propellant was conducted laterally away from
the low thermal conductivity center support member to the metal side supports
which were maintained at constant temperature by circulating fiuid. An app-
roximation to adiabatic conditions was achieved by replacing the conductive
metal outer supports with wood, a relatively low-conductivity material, and
insulating all surfaces with foam-rubber material. The temperature distrib-
utions throughout the specimens were monitored with small thermocouples
imbedded directly in the propellant or support material.

4.3.2 Dynamic Inertial Loading Tests

An interesting prediction obtained from the analysis of the inertial loading
problem was that regenerative coupling between the temperature-dependent
properties and the generated heat could lead to an instability with a consequent
large increase in temperature and output amplitude, and a possible propellant
tailurc. This analysis and the calculated response ¢ rves were given in the
previous quarterly report.
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Experimental data confirming the existence of this response instability were
obtained during the present reporting veriod. Typical experimental results
are presented in Figures 4-7, 4-8, and 4-9. The data represent response
parameters at each frequency immediately after vibration is started and
before significant heating has occurred (isothermal response) and also the
response after sufficient time to attain thermal equilibrium in the shear speci-
men with isothermal boundaries (equilibrium response). The theoretical
respons: curves for the steady-state amplitude ratio and insulated surface
temperature are reprinted in Figures 4-10 and 4-11. from the first quarterly
technical report (Ref. 1) for qualitative comparison. The theoretical curves -
predict response for a hypothetical propellant with an isothermal complex

f shear modulus log-log slope of 0.30. Quantitative comparison of the experi-
mental data with theoretical prediction based or measured propellant proper
ties has been completed (with reasonably good agreement found) and will be

. presented in a2 subsequent report.

Interpolation between the experimental data points presented in Figures 4-7
through 4-9 are based upon the theoretical predictions. The experimental
frequencies which can be used are limited by the belt-gear drive mechanism
of the milling machine used for the vibration tests.

Of particular interest is the double-valued response observed in the steady-
state equilibrium cesponse at 660 rpm for the 0.050-inch peak input displace-
ment. It should be emphasized that each equilibrium data point represents
the sample response or temnerature after equilibrium has been attained at the
particular vibration frequency. This vibration time can vary from 20 minutes
to over one hour for the test configuration used. For example, the test
sequence for the 0.050-inch peak displacement, equilibrium tests was as
follows.

With the sample initially at room ambient temperature, vibration was begun
at 210 rpm and continued until thermal (and mechanical response) equilibrium
was attained. The excitation frequency was then immediately raised to 325
rpm and maintained until a new equilibrium was established and so forth,
monotonically increasing the excitation frequency in steps and allowing the
specimen time t> reach equilibrium at each frequency. After the maximum
frequency equilibrium, the frequency was monotonically decreased in steps,
again allowing equilibrium to be attained at each frequency. During the
increasing frequency sequence, the response parameters reached equilibrium
at the lower 660 rpm data point for amplitude ratio, insulated surface tem-
perature and phase angle. However, the system attained equilibrium at the
upper branch point for the decreasing frequency sequence. Prolonged equi-
librium wvivration at this upper branch point resulted in eventual specimen
failure in the form of a crack propagating along the direction ¢f shear and

at the insulated surface. Inspection of the failure indicated that the crack
initiated in the specimen center (the highest temperature region) and propa-
gated outward toward the semicircular end fillets.
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As a practical result of these investizations, it is clear that rocket motor
vibration resp. ase and analysis will be severely coruplicated by thermo-
mechanical coupling effects 1f the motor configuratien and vibration environ-
ment result in appreciable inertial loading of the propellant grain as a whole,
or in localized areas within the grain (such as at the base of a2 slender star
point). In addition to the usual frequency, ambient temperature and vibration
time parameters, it is clear that the thermal and vibration environriental
history of the motor must be considered in order to specify and define the
motor requirements and vibration response characteristics. It would seem
that the length of time which must be considered in predicting response will
be of the same order as the thermal time constant in the critical region
within the motor grain.

The experimental and theoretical results show the multiple-valued equilibrium
response region to occur in a very narrow frequency range which is dependent
on the vibration loading level, the natural frequency of the system at the refer-
ence temperature, the thermal boundary conditions, and the propellant visco-
elastic properties. for a given vibration loading level, the most stringent
loading conditions are applied to the propellant aleng the upper branch of the
instability response region. This is where the amplitude ratio is a maximum
and the phase angle is approximately 90 degrees, resulting in large strain
amplitudes in the propellant as well as high equilibrium temperatures.

At frequencies above this narrow region, the amplitude ratio decreases
rapidly, resulting in lower strains even though the phase difference continues
to increase. Below the instability region, propellant strain and temperature
are both low. Both lap-shear propellant specimens used for the investigation
of the jump-instability response failed on the uppe~ branch of the 0.05-inch
peak input displacement instability region a* 650 rpin, as described previously.
For the one-inch shear specimen gage length and roughlv C0-degree phase
shift at that point, the specimen was subjected to pez2k strains between 5 and

10 percent, consistent with vibration failure strain levels observed previously
for constant strain amplitude loading conditions (Ref. 1 ).

4.3.3 Transient Thermoviscoelastic Response for Constant Cyclic Strain
Amplitude and Inertial Loading

The preceding discussion of equilibrium cyclic inertial loading considered
only the material response immediately after the initiation of vibration
(isothermai response) and at thermal mechanical steady-state response
{equilibriuim respousec). Transient thermal and mechanical response of the
inertially -loaded system is very difficult to calculate analytically, particu-
larly in the region of instability where the mechanical response sweeps
through the resonance region as the temperature changes.

To investigate the effect of various lecading and thermal boundary conditions

on this transient response, a ceries of experimer.'al tests were performed
on samples identical to those used for the previous equilibrium tests.
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Two double-lap shear propellant specimens were prepared from PBAA pro-
pellant bars milled from the same bulk casting (P2916). One sample was
prepared with wooden support members and completely insulated to approxi-
mate adiabatic conditions; the other was prepared with liquid-cooled metal
side supports and a low-condvuctivity center support to approximate uni-
directional heat flow. Each specimen was subjected to a series of four
vibration runs -- two runs with constant strain amplitude loading at 2720 rpm
and 2.47 percent peak strain, and then two runs with inertinl loading at 1115
rpm and 0.0247-inch peak input displacement amplitude. The multiple runs
were performed to monitor degradation effects due to the combined thermal-
mechanicua!l environment. Material pronerties were measured before and
after each vibration run at a frequency >{ 80 rpm, room ambient temper.turc
and 2.48 percent peak strain amplitude. The results of these single frequency
check runs, plotted as a function of total vibration cycles, are presented in
Figures 4-12 and 4-13 for the adiabatic and isothermal boundary conditions,
respectively. Appreciable propellant degradation was obtained during the
vibration sequence as evidenced by decreasing storage and lcss moduli. The
rate of degradation is seen to increase during the inertial loading sequence
due to the larger transient strain amplitudes experienced Ly the samples.

Figures 4-14 and 4-15 present the transient mechanical and thermal response
for vibrations runs 2 and 4, referrcd to in Figure 4-12, for the adiabatic
boundary conditions. Similarly, Figures 4-16 and 4-17 present the same
information for vibration runs 2 and 4 referred to in Figure 4-13 for the
isothermal boundary conditions.

The storage modulus, loss modulus and loss tangent data prescin' :d here were
caiculated using an average phase angle, due to the nonlinearity of the Lissajoue
pattern ellipse discussed in the first quarterly report (Ref. 1 , page 4-22,
Figure 4-18). The tangent of the angle as calculated from the vertical (force)
intercepts was averaged with the tangent calculated from the horizontal
(displacement) intercepts. This average value appears to correspond most
closely with the effective loss tangent as calculated from the measured area

of the lLissajons or hysterceis pattern.
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SUBCONTRACT EFFOAT

5.1 PURDUE UNIVERSITY SUBCONTRACT (Quarterly Summary Report to
Lockheed Propulsion Compaay, Sceptember 21 - December 15, 1964,
Professor B. A Schapery - In Charge)

5.1.1 Nonlincar Viscoelastic Behavior of Highly Filled Propellants

The first phase of this program is concerned with the development of realistic
stress-strain equations which include the effects of strain induced anistropy,
but are sufficiently simmple to permit easy application to idealized motor
problems in the second phase of the research. Work during the first quarter
dealt primarily with the evaluation of existing theories of nonlincar constitu-
tive cquations for usc in solid propellant applications Nonlinear equations
rangc from extremely general forms for viscoelastic behavior! to piecewise
linear approximations for elastic responsc % In the former case, a consider-
able number of mathematically (rather than physically) motivated assumpticns
must be made to put the equations in a practically useful form. On the other
hand, the latter equations of piecewise linear elasticity, with coefficients
depending on the state of stress or strain, seem to be uscful engiaeering
approximations for elastic behavior, however. it i3 not at all clear how these
equations can be generalized to viscoelasticity, except by trial and error,
along with considerable experimentation.

In another paper,? the role of therinodynamics in noulinear viscoclasticity
was investigated, and it was shown that thecrmodynamic principles can be used
to develop relatively genceral (but simple) stress-strain equations, Although
Ref. 3 pives only a one-di nensional illustration, we have recently made the
generalization to three dimensional bebavior: the thermodynamic basis per-
mitted a straightforward generalization. Briefly, this theory makes use of
the first and sccond 'aws of thermodynamics and Onsager's principle. Also,
it is assumcd that the material behaves thernicdynamically as a linear visco-
elastic body, but with nonlinear mcasurcs of deformation in place of the
classical linear strains The stress-strain equations so developed contain

a natura! gene-alization of the Boltzman supcrposition principle. Moreover,
the equations appear to be consistent with existing propellant data, and, for
example, yield a relaxation modulus which has the commonly cbserved form
in which strain and time dependence appear as separate factors.

'See, for example, A. . Grecn and RS, Rivlin, Archive for Rational
Mechanics and Analysis, Vol. 1, pp 1-2', 1957,

5. B. Dong, L. R Herrmann, K S Pister, R. L. Taylor, Studies Relating
to Structural Analysis of Solid Propellants, Institute of Engineering Research,
University of California, Berkcley. 1962.

'R. A. Schapery, Journa! of Applicd Physics, Vol. 35, No. 5, pp 1451-1465,
1964.
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Current efforts are directed at application of the equations to the mechanical
property test geometries usced by LPC in order to evaluate the relatively few
unknown functions and to determine the limits of validity of the theory.

5.1.2 Thermomechkanical Response Studies of Solid Propellants Subjected to
Cyclic and Random Loading

A report on the first-quarter work has been prepared juintly with Dalton
Cantey of LPC, and 7_r presentation at the AIAA 6th Solid Propellant Rocket
Conference to be held February 1-3, 1965, Briefly, it contains an extension
of previous theoretical studies on heat generation to random loading, provides
solutions to the thermal and mechanical response of specimens being tested
by LPC, compares theory with experimental data (with reasonably good agree-
ment found), and draws certain practical conclusions concerning the engineer-
ing usefulness of the two limit cases of adiabatic and steady-state thermal
behavior,

Future theoretical investigations will study the thermomechanical behavior

of a cantilever beam with and without incrtial lcading  Also, we shall attempt
to improve the method used to predict heat generation by taking into account
nonlinearities in the stress-strain law,

LOACKNERD PROPUL AION COMPA
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5.2 UNIVERSITY OF WASHINGTON

The following cutlines the objoctives of the work to be performed at the
University of Washington under the directi n of Professors R.J.H. Ballard
and E.H. Dill.

(1 To obtain quantitative data. from dirert observation in the photo-
viscoeli=tic bench, of the effect of local stress concentrations under dynamic
loadings with small strains and constant strain rate tests.

(2) To investigate experirmentally some of the facets of the nonlinear
theory for viscoelastic materials which has been proposed by Coleman and
Noll (Foundations of Linear Viscoclasticity, Rzv, Mod. Phys.,Vol. 33(1961),
pPpP. 239-249) and investigated further by G. Lianis in previous LPC work.

With consideration of incompressible fluids, it has been hypothesized that
some of the material constants employed in the nonlinear constitutive relations
(large strains) can be determined e:ithar from simple dynamic modulii tests

at small strains or creeptests to large strains. If the same result can be
shown to be true in the case of viscoelastic solids it would be of great im-
portance to the definition of future testing programs for the characterization
of solid propellant materials in the nonlinear range of deformation. Since

the same line of reasoning which led to the hypothesis concerning the constitu-
tive relation can be applied to the relation of the dielectric tensor to strain,
this relation could be checked by simple photoviscoclastic observation. This
experimental verification of the above stated hypothesis will be undertaken,
employing the optical bench and materials now available.

Progress during the reporting period was as follows. The photoelastic bench
has been modified to accept a double-lap shear specimen of viscoelastic bire-
fringent plastic and to provide variable frequency sinusoidal strain inputs of
varying amplitude. Qualitative observations of the effect of the stress con-
centrations are being made.

Theoretical studies of viscoelastic solids have been carried out and have
raised the cuestion as to whether or not the nonlinear constitutive laws can
be obtained from either simple dynamic moduli tests at small strains or
from creep tests to large strains. These theoretical studies are near com-
pletion and will be reported in the near future.

[$4]
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5.2 UNIVERSITY OF WASHINGTON

The following outlines the objectives of the work to be performed at the
University of Washington under the directi 'n of Professors R.J.H. Ballard

and E.H. Dill.

(1) To obtain quantitative data, from direct observation in the photo-
viscoela<tic bench, of the effect of local stress concentrations under dynamic
loadings with small strains and constant strain rate tests.

(2) To investigate experimentally some of the facets of the nonlinear
theory for viscoelastic materials which has been proposed by Coleman and
Noll (Foundations of Linear Viscoelasticity, Rev. Mnd. Phys.,Vol. 33(1961),
pp. 239-249) and investigated further by G. Lianis in previous LPC work.

With consideration of incompressible fluids, it has been hypothesized that
some of the material constants employed in the nonlinear constitutive relations
(large strains) can be determined either from simple dynamic modulii tests

at small strains or creeptests to large strains. If the same result can be
shown to be true in the case of viscoelastic solids it would be of great im-
portance to the definition of future testing programs for the characterization
of solid propellant materials in the nonlinear range of deformation. Since

the same line of reasoning which led to the hypothesis concerning the constitu-
tive relation can be applied to the relation of the dielectric tensor to strain,
this relation could be checked by simple photoviscoelastic observation. This
experimental verification of the above stated hypothesis will be undertaken,
employing the optical bench and materials now available.

Progress during the reporting period was as follows. The photoelastic bench
has been modified to accept a double-lap shear specimen of viscoelastic bire-
fringent plastic and to provide variable frequency sinusoidal strain inputs of
varying amplitude. Qualitative observations of the effect of the stress con-
centrations are being made.

Theoretical studies of viscoelastic solids have been carried out and have
raised the guestion as to whether or not the nonlinear constitutive laws can
be obtained from either simple dynamic moduli tests at small strains or
from creep tests to large strains. These theoretical studies are near com-

pletion and will be reported in the near future.
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Section o

FUTURE PROGRAM

Techni -al objectives of the third quarter program are listed below.

. Completion of the viscoelastic response and multiaxial failure
investigation of the remaining group of high solids formulation

variations (80 percent complete).

L Extension of multiaxial failure testing and investigation of
propellant failure surfaces in stress space (30 percent complete).

° Determination of bulk moduli of npropellant compositions as a
function of applied hydrostatic pressure and temperature (in
progress).

¢ wem iy e

. Experimental investigation of nonlinearity cffects in propellants
under various types of test for development of rcalistic non-
lincar stress-strain equations

LOCKHEED PROPULSION COMPANY



AFRPL-TR-65-20 667-Q-2

Secticn 7

REFERENCLES

mu:tura} Intesrit

1. Lockheed Propulsion Company, uul155__‘;:_{:»“.**11;' st Structy
Investigations: Dynamic Response and Yalure chitisms, dcchnical
Documemaxy Heport No. AFRFLITR-04-144, Volume I, LPC Report

No. 667-Q-1, 14 October 1964

2. Chemical Propulsion Information Agency, ICRPG Solid Propellant
Mechanical Behavior Manual, CPIA Publication 21, uf.ptember 1963

3.  Williams, M. L., et al., Fundamental Studies Relating to Systems
Analysis of Solid Progelldnts, GALCTI SM 615, Calilornia Institute
of Technology, 1961

4. Ko, W. L., Application of Finite Elastic Theory to the Behavior of
Rubber- Lll’c, Materials, PhD. thesis, Califorma Institute of Technology,

1963
5. Sharma, M.G., personal communication.
6. Sharma, M.G., and Lin, C. K., Mechamcal Propcrties of ")hf%__}’l‘{)h(‘llﬂﬂt

for Combined States of Stress at Various lTemperatures, Report No. ABL
FLASHX-114, Pennsylvania State University, [963

7. Jones, J. W., '"Propellant Failure Criteria,' Bulletin of the 3rd ICRPG
Working Group on Mechanical Behavior, CPIA Pub. No. 61U, 1904

8. Majerus, J.N., "A Unified Approach to Failure and Its Application to
Solid Propellant Materials,'" ibid, 1964

9. Lockheed Propulsion Company, Structural Integrity of Large Solid Pro-
pellant Grains, LPC Report No. 642-F, 1964

10, Herrmann, L.R., '"Bilinear Elasticity with Application to Thickwallea
Cylinders," Studies Relating to Structural Analysis of Solid Propellants,
from the Institute of Engineering Research, University of California,
Berkeley, 1962

11. Tschebotarioff, Gregory P., Soil Mechanics, Foundations and Earth
Structures, McGraw-Hill, 1951

12. Nadai, A., Theory of Flow and Fracture of Solids, McGraw-Hill, 1950

7-1

LOCKHEED PROPULSION COMPANY



N T e T

13

14.

16,

17.

18

20.

21,

22.

Griftith, A.A., 1921, "The Phenormena of Ruptnre and Flow in Sclids, "
Philo. Trans. Roy Soc. (London), Ser. A, Vol. 221. See also: "The
Theory of Rupture,' Proc. of The First International Congress for
Applied M2achanics, 1924

Rivlin, R.S., Thomas, A.G., "Rupture of Rubber. I. Characteristic
Energy for Tearing,' Jour._of Polymer Sci., Vol. 10, No. 3, 1953

Greensmath, i, W, "Rupture of Rubber. VII. Effect of Rate of Extension
in Tensile Tests, "™ Jour. Appl. Polymer Sci, Vol. 3, No. 8, 1960

Greensmith, H. W., "Rupturc of Rubber. VIII. Comparison of Tear and
Tensile Rupture Measurements, ' Jour. Appl. Polymer Sci., Vol. 3,
No. 8, 1960 ) '

Thomas, A.G., "Rupture of Rubber. II. The Strain Concentration at
an Incision," Jour. of Polymer Sci., Vol. 18, 1955

Greensmith, H. W., Thomas, A.G., "Rupture of Rubber. lII. Determi-
nation of Tear Properties, " Jour Polymer Sci., Vol. 18, 1955

Williams, M L., et al; Fundamental Studies Relating to Systems
Analysis of Solid Propeilants,  GALCIT SM-61-5, California Institute
of Technology, 1961

Williams, M. L.., "Fracture of Viscoelastic Materials," Fracture of
Solids, edited by Drucker and Gilinan, Interscience, 1962

L.ockheed Propuision Company, Solid Propellant Structural Integrity

Investigations. Dynamic R(,&igon:e and Tatlure Muechanisms, RPL-1DR-
64-32, LPC Report No. 618-F, 17 April 1904

Jones, T. W , "Propellant Fajlure Mechanisms," Bulletin of the 3rd
Meeting, ICRPG Working Group on Mechanical Behavior, November 1964

LOCKHEED PROPULSION COMP

s



RENRL - LlK-00-4LU 667-0)-2

Codze Loalae
U. 8. Departmont of the laterior Avnnld Unpe. I¥ i
Bureau of Mines Aty Yores ﬂy'\tq,
4800 Forbes Avenae Tullahorma, Tennsger
Pitteburph 13, Feun, 15213 Atin: ALCIM
Attn: M. M Dolinar,
Repurte Librarian Pefaense Docomeastation Centor 0
Exploaives Rescarch Lah., CP-} Camazron Staticn . ,
Aeoxzsdria, YVieginla 22214 CP.61
Central lntelligence Agency
2430 E. Strect, N. W, Adr Force Bocket Propulnton Lab, 1}
Washirgton, D C. 2050% RPR
Atin: OCD, Standard Dist. CP-6 Edwards, Californis 93523 Cr.64
Office of the Dirrctor of Defense Alr Force Rocket Propuleloa Lab, i
Rexearch and Engincering neM
Washington, D.C. 227301 Edwards, Catifornta 93573 CP-65%
Attn: W.E. Sheehan :
Office of Assistavt Director Air Force Flight Test Center 1
Chemical Technology cP.? FTAT.2
. Edwards Air Force Dace,
National Aeroniautics & Space Admin. Californin 93523 CP-56
l.ewis Rescareh Center ,
21000 Drookpark Road Olfice of Research Analysia 1
Cleveland 35, Ohio 44135 Holleman Aiwr Force Dase
Attn: Library CpP-Aa New Mexico 88330
Attn: RRRT NDAR CcP-69
Joha F. Kennedy Space Center, NASA
Cocoa Deach, Florida 312931 Bolling Air Force Base 1
Attn: Library cp-9 RTD RTNY CcP-5%8 :
Wanshinpton, D.C. 20332
National Acronautics & Space Admin,
Marned Spacccraft Center “rright-Patterson AFD 1
P.O. Box 1537 Ohio 45413
Houston 1, Texas 77001 Attn: AFML MAAE CPr.78
Attn: Library CP.-10
Commanding Qfficer 2
National Aecronantics & Space Admin, Ballistic Rescareh Leberrtories
Georpe C. Mareh !l Space Flight Center Aherdesn Proving Ground
Huntsville, Alabiama 38800 Maryland 21005
Attn: Labrary CP-1! Attn: AMX DR CP-1%
National Acronautics b Space Admin, U.S. Army Missile Commanl 4
Langley lescarch Center Redstone Scientific Informatien Center
Langley Air Force Baac Redsione Arsenal, Alabama 35608
Virginia 23365 Atta: Chief, Document Section GP-29
Attn: Jabrary cp-12
National Acronantics & Space Admin,
Washington, D C. 205406
Attn: Qinice of Technieal Info §
Educational Programuy,
Cuode ETL CP-1) Commanding Offiver i
Army Reacarch Office Durham
Scientific and Tech fofo. Facility tox CM, Duke Station
P.O. Box $790 G- 1) irham, North Carolina 2,706 cr-2i
Betheseds, Morvyland 200118
Atin: NASA Lopresentative Gummanding Officer 1
Frankford Arscnal .
Nation:l Acrenantics & Space Adinin, Philadetphia 37, Penn. 19137
Washington, ). C. 2051406 C12.407 Attnt Propettant and Explosiv s ,
Attn: R. W, Zicin IPS Section, 1331 ce-23
National Avronintics & Sparce Adinin, Gommanding Oflficer 2

Goddard Space Plipht Center
Greenbelt, Mdryl‘nul PAINER] c1’-2190
Atin: Libeary

Picatinny Arscnal
Dover, New Jursey 07801 »
Atin: Library Cy.2%

LOCKHEED PROPULSION COMPR




Commanding Officer

Ficatinny Argenal

Liguid Racket Propulsion Laboratory
Dover, MNew Jersey 07A0L

Atin: Technical Library c».2

Commanrding Geaeral

White Sande Miassile Range

New Mexico 88002

Attn: Technical Library CP.30

Bureau of Navsal Weapnnes
Department of the Navy
Washinpgton, D.C. 20360

Attn: DLI-3 CP.34

Bureau of Naval Weapons
Department of the Navy
Washington, D. C. 20360

Attn: RMMP-2 CP-35

Bureau of Naval Weepons
Department of the Navy
Washington, D.C. 20360

Attn: RMMP.3 CP-36

Bureau of Naval Weapons
Departrient of the Navy
Warhington, D.C. 20360

Attn: RMMP. 4 CP-37

Bureau of Naval Weapone
Department of the Navy
Washington, D.C. 20360

Aten: RRRE-6 CP-38

Commander

U S. Naval Missile Center

Point Mugu, California 93041
Attn: Technical Librarvy CP. 40

Cormmaunder

! & Naval QOrdnance Labor-tory
White Oalk

Silver Spring, Marytand 20910
Attn: Library Cpb-42

Commander

11.S. Naval Ordnance Test Statinn
China lLake, Catifornia 93557
Attn: Code 45 CP-4)3

Commander
U.S5. Naval Ordnance Test Station
China Lake, California 93557
Attn: Terchnical Library

Branch CP-44

Superintendent

U.S. Naval Postgradiate School
Naval Academy

Monterey, Calif. 93900 .45

Commanding Cificer

U.S. Naval Propellant Plant
Indian Head, Marviand 20640
Attn: Technical Lihrary CP-46

Commanding Officer

Of.ace of Nie-al Rresearch

1030 E. Green Stregt

Pasadena 1, Calif. 91101 cposl

D-2

Director Code 6180

U.S8. Naval Resrarch Laboratory
Washington, D.C. 20390

Attn: H.W. Carhart CP-53

Director

Special Projects Office

Departiment of the Navy

Washington, D.C. 20360 CP-55

Commanding Officer

U.5. Naval Underwater Ordrance Sta.
Newport, Dhode Ialand 02844

Attn: W_ W, Fartlett CP-56

Acrojet-General Corporation
P. 0O, Box 296
Azusa, California 91703}
Attn: F. M, West,
Chief Librarian Cp-83

Aerojet-General Corporation
11711 South Wondruff Avenue
Downey, California 30241
Attn: Florence Walsh,
Librarian Cp-84

Aerojet-General Corporation
P.0O. Box 1947

Sacramento, Catifornia 95809
Attn: Technical Information

Office Cp-85

Aerospace Corporation

1. 0. Box 95085

L.os Angeles 45, California 90045
Attn: Library - Documents Cp-%8

Allicd Chernnical Corporation
Gerveral Chemical Division
Resesarch Laboratory
P.O. hox 405
Morristown, New Jersey 07760
Attn: L. J. Wiltrakis,
Security Officer CcpP-91

Amcel Propulsion Company
Box 3049, Asheville,
MNorth Carolina 28802 cP.92

American Cyanamid Compeny

1937 W. Main Strect

Stamf>rrd, Connecticut 06202

Attn: Security Officer CcP-93

11T Rescarch Inntitute
Technolopy Center
Chicago, lllinoxs 60616
Attn: C. K. Hersh,
Chemnistry Division Cp-98

ARO, v
Arnold Fogineering Develop Center
Arnold AL Station, Tenn. 37389
Attn: Dr. B H. Goethert

Director of Engineering CP-99

Atlantic Rescarch Corporation
Shirley 11, phway and Edsall Road
Alexandria, Virginta 22314
Attn: Sccurity Officer for

Library CP-.101

LOCKHEED PROPULSION COMPA)




10 1 APV LAV e 3 (LWL WY

Atlantic Rescarch Corporation

Weastern Divisinon

48.505 FEary Street

L1 Monte, Californta 91731

Attn: H. Niederman cp.io2

Dattelle Memorial Institute

505 King Avenue

Columbus, Ohio 43201

Attr  Report Library,
Room 6A CP-103

The Noeing Company

Aero Space Divigion

P.O. Box 3707

Seattle 24, Washington 98124

Attn: R. R. Barber,
Lib. UT. CH. CP-108

Chemical Propulsion Information Agency

Applied Physics Laboratory

8621 Georgia Avenue 20710

Silver Spring, Maryland CP-114

Douglas Aircraft Co., Inc.

Santa Monica Division

3000 Ocean Park Boulevard

Santa Monica, Calif. 90405

Attn: Mr. J. L. Waisinan' CP-122

The Dow Chemical Company

Security Section

Box 31

Midland, Michigan 48641

Attn: Dr. R.S. Karpiuk
1710 bldg. Cp-123

E.1. DuPont Denemours and Company

Eastern Laboratory

Gibbstown, New Jersey 08027

Attn: MNirs. Alice R. Steward CP-125

Eusso Research and Engineering Co.
Special Projects Unit

P.O. Box B

Linden, New Jersey 07036

Attn: Mr. D. L. Baeder cP-12¢4
J General Electric Company
i Flight Propulsion Division
Evendale
Cincinnati, Ohio 45215 CpP-134

Hercules Powder Company
Allegany Ballisiice Laboratory
P.O. Box 210

Cumberland, Maryland 21501

Attn: Library CP-138
Hercules Powder Company
Kenvil, New Jerscy 07847
Attn: Library cy-139

f}oglen

13

Cuoplen
PRUGED NI

Herculra Powler Company 1
Repzarch Cortor

Wilmington, Delaware 15899

Attn: D, Herman Skolnik, Rensper
Technical Information Div. CP-142

fnatituie For Defense Analysis H
Research & Eoginvering Support Divieion
Atin: Technical Information Qfffce
1825 Connecticut Avenne
Washington, DG, 20009 CP. 146
Jet Propuleion Laboratery '
4500 Oak Grove Drive
Pasadena, California 911063
Attn: Library TDS
Mr. N.E. Devereux CP-147
Martin Company 1
Baltimore 3, Maryland 21203
Attn: Scicnce-Technology
Library - Mail 398 CP-15¢
Martin Company 1
Advanced Technatogy Library
F.O. Box 1176
Denver, Colorado 80201 C1*-157
Martin Company !
Orlando, Florida 32800
Attn: Library CP-158
Minnesota Mining & Manufacturing Co. 2
900 Bush Avenue
St. Paul, Minnesota
Attn: Code 0013 R&D
Via H.C. Zeman
Security Administrator

55106

CP-157

Monsanto Research Corporation H
Bosten Labs., Everett Station

Chemical Lane
Boston, Mass.
Attn: Library

02149
CP.161

New York University H
Research Building No. 3

233 Fordham Landing Road

University Heights, N. Y. 10468

Attn: Document Control - CIM CP-164

North American Aviation, inc. 1
Space & Information Systems Div.

12214 Lakewood Boulevard

Downey, California 90242

Attn: W.H. Morita CP-16b

Rocketdyne 3
6633 Canoga Avenue

Canoga Park, California 91304

Atin: Library

Dept. 596-306 cP.180

LOCKHEED PROPULSION COMPAN




~

AFRPL-TR-65-20

DISTRIBUTION LIST (cont'd)

Rohm & Haas Company

Redstone Arsenal Research Division
Punteville, Alabama 35808

Attn: Libravian CP-182

Texaco Exprriment Incorporated
PO, B 1T

Richmond 2, Virginia 23202

Attn: Librarian CcP.i87

Thiokol Chemical Corporation
Flkton Diviaion

Elkton, Maryland 21921
Attn: Librarian CcP-192
Thiokol Chemical Corporation
Reaction Motora Diviaion

Denville New Jersey 07834

Attn: Librarlan CP-193

Thivkol! Chemical Corporation
Rocket Operations Center
P.O. Box 1640

Oypden, Utah 84401

Attn: Librarian CP-194
Thiokol Chemical Corporation
Wasatch Division

P. Q. Box 524

Reigham City, Utah 84302
Attn: Livrary Scdtion CP-115
Thompaon Ramo Woeldridge
23555 Fuclid Avenue
Cleveland 17, Onio 44117
Attn: Librarian CP-196
British Defence Staff

P ritish Embassy

3100 Massachusetts Ave,

Washingt- n, D.C,

Attn: Scientific Information Officer

Defence Researchk Member
Canadian Joint Staff (W)
2150 Maasachusetts Ave,
washin ton, D.C,

* Transmitted via:
Headquarters
Air Force Systems Command
Andrews AFB
Washington, D. C.
Attn: SCS-41(3.1833)

1

4%

1

E_onieu

D-4

Space Technology Laboratory, Inc,

1 Space Park

Redondo Beach, Callfornia 90200

Attn: STL Tech, Library Document
Acquisitionn CP-18%

United Aijrcraft Corporation
Corporation Library

400 Main Street

East Hartford, Connecticut 06118
Attn: Dr, David KRix CP-20)

United Aircraflt Corporation

Pratt & Whitney Fla, Res. & Dev. Ct,
P.O. Box 2691

W. Palm Beach, Florida 33402

Attn: Library CP-202

Uniteu Technrolngy Center

P.O. Box 358

Sunnyvale, California 94088

Attn: Librarian CpP-204

Commanding Officer
U. 5. N.val Air Development Center
Johnsville, Penn, 18974 Cp .31

General! Electric Company

Apollo Support De; artment

P.O. Box 2500

Daytora Beach, Florid. 32015
Attn: C, Day CP-211

Defense Metals Information Center
Ratteile Mem orial Institute
505 King Avenne

Columbus, Ohlo 4320} CP-120
Arthur D, Little, Inc,

15 Acorn Park

Cambridge, Mass, 02140

Attn: V. H, Varley CP-150

Air Force Office of Scientific Research
Washington, D.C. 29333
Attn: SREYP,

Dr. J. F. Masi cP-71

667-0Q-2

Coplee

L d

LOCKHEED PROPUYL SION CON

m



AFRPL-TR-65-20 \ E£67-02-2
DISTRIBUTION LIST {(cont'd)

Coples Lopiee
Commanding Officer i Olin Mathilenan Chemical Corp, 1
Ammunition Procurement & Supply Researeh Librsry 1-E-3
Agency 275 Winchestrr Avenus
Joliet, llinnie New Haven, Counecticut
Attn, Enge. Library Attn: Mail Conteol Romm
Mine Laurs M. Fajull

American Machine & Foundry Co. 1 Pennnalt Chemicala Corp. H
Mechan.cs Reacarch Department Technolugical Center
7501 North Natchez Avenue 900 First Avenue
Niles, Iliinois King of Trusnia, Pennsylvania
Attn: Phil Rosenberg

Rocketdyne, A Division of )
Hercules Powder Conipany 1 North American Aviation, Inc,
Bacchus Works Solid Propulsion Operations
Magna, Utah P.O.Box %48
Attn: Librarian McGregor, Texas

Attn: Library

Callery Chemical Company 1

Research and Development Thioko! Chemical Corp. 1
Callery. Penrsylvania P. O. Box 27

Attn: Document Control Bristo), Pennaylvaniz

Attn: R, Morris
Thiokol Chemical Corporation CP-1990 )

Space Booster Division Los Alamos Scientific laboratory |
Brunawick, Georgia 31520 University of California
Attn: Librarian P. O. Box 1643
Los Alamos, New Mexico
Walter Kidde Company 1
675 Main Street
Belleville, New Jersey AFRPL RPCS 1
Attn: Security Librarian Edwards, California
Olin Mathieson Chernical Corp. 1 Purdue University 1
Box 508 Lafayette, Indiana
Marion, lilinois Attn: M. ¥, Zucrow

Attn: Research Library

Clevite Corpnration cp-117 1
Mechanical Research Division

540 East 105th Street

Cleveland, Ohio 44108

Attn: N.C. Bee-li




tdoQ ejgejieny 1sog .

SPUVIpIY
;H.OLQ

i [ e

LA 4
[SMEE 2RV T

2N 1vElca g
or
11 3Y

$andaderg pwmurgoegy

Liule Aol T JeNac g friog

1DeaIsqy payIssidoun

ssndeIp os[v 31w Buipen] (w119t puUV apny

~riduwie utezs 21245 Juvisuod Iapun juw((adosd jo ysuodsau
JuST[20dSMOWIAYY JUITISURI ] "Aloay) yiim AlqrIoAY]
asedwod s3ngal ay; pue 'payejdwod sem Jurpwoy
1RI322Ut O1124A) pautwisns 03 asuodeaa [edTURYIIWOtUlay)
jue(jadord jo vonvdusasul [nuawtedxs uy ‘sadyasp
2113139190221 UOLITW IOIP [[PLUS YIlm PITeBIIsdAU} 213m
sa131adoad ing puv avays drweudp juejiadosg -passnderp
217 55151133107 1eyd [w31sAyd jueiiadosd pur £3100734 UoOS
-28edoad yoe1d uaamiag UoI]II IY) puw ‘DITJINS JIn(ie]
JO SS1pMIg  paIpIodax alw Fuipec spijos jo uonduny v

sv sive(jadosd Nvgd pue vvdd pariy Audiy jo sarzasdoad
22n71¥] PUY D11EVI2NOE1A ;O UOLIEBLISIAUT UR JO SINEIT YL

j2oday pagissvidupn

‘§32UaLIFIL 77 pur sa|qYl p ‘suonienisnyyt 2¢ Buipnioug
‘s38ed 3g ‘$961 39qWada(g g1 ydnoayy zaquadag g

‘P313A0]) poliad 5961 lavnuep g1 7 on yloday 98218014

A1311enp | "SINSINVHOIW FYATIVI ANV ISNOJISIY
DINVNAQ ‘SNOJLYDILSIANI ALIYOIINI TVENLONYLS
INVT1TIJOUd ATT0S, ‘02-69-H1-T1d¥dV "ON 13oday

JIeD Cspremp3d “Aroivloqwey uots(ndolid 1axno0y ¥3204 1Y

uonId2105 DAQ I

2-D-1Y9 "oN

330dey Od1
YIUI0J1]) ‘spuripay
‘Auedwiony uoysindcad
paayn>07 Aq patedazg

$566-(119)¥0 AV
"ON 12%1jU0)

6S0€ "oN dafozg
DOSL ‘oN
2anjonaig werfozyg 3y

sanzadoag (esueydapy

sjurjedor g 1axd0y P1;08

‘Al

m -

‘o

1
T

1

12v118qy pepyeswpdun

ssnoeip psre 32w Fujpeo] [e33su} pur Ipny

-fidwe ujvais 311949 surieuod sspun yuviiadoid jo avuodsas
J1Isvja0asjACWIINY] JuaIsURa ] -A108u] YIlm AIqRIoaT]
szwdwod #3(ngas a3 puw 'pazadwiod swm Suppeot
11329} 231245 peujeisns 03 asuodsax [edjreydotomIIIY
juwiiadoad jo uonyeSussau; [vyuswzadxs Uy -s3dAIP
311309 [903291d Yoy vwiIofep [(PWS QI PaIeSiissaul atam
21329doad ymq puw weys djwivudp juefiedord -passndsip

© 92w 231I81Ia3Pwdwyd [wIysAyd juerjedosd puw L31d0124 ol

-vBedoid %nrvId UIIMING BORINIIL YT PUT ‘DWFINS 2IN[}¥)

jo s31pmig ‘pap10223 aaw Buypeol SPIIOS Jo uUoRdUN} ¥

sv nuvi(adozd NYEd pu® YV PNy A4Sy jo sapizadozd
2an{je} pue d[18¥]20281A jo uoHIeETIsIAUy UR JO SIMEIT Iy L

31oday payysseoun

*$35UI3F21 27 PUT $2(QWI § ‘SUORRIIIN{T] 2€ Butpnidug
‘saled 39 ‘¥96 1 Jaquadaq ¢l YInoayy aaquuazdag g1
:pa1aa0n) poliad '$94] Aawnuep g1 2 -oN j1odoy ssailoig
A11331enp ,, 'SWSINYHOIW IVNTIV ANY ISNOJISIY
DINVNAQ SNOILVOILSIANT XLIYDILNI TIVENLIONYLS
INVITIJO¥d QIT0S, ‘02-S9-H1-TdHIV -ON 130day
‘31D ‘spiempy ‘A1ojvsoqe] uopsindord 19nd0Yy ed103 11Y

UnIdL 110y DIl uy

2--19% 'ON
12oday 4

RIUIC ey

Ui SpUTipey
chuweds:

cop uctandag g
PieixdoT Ag priedasg

LSEE-1191%0 4V
‘oM 12%13U0D
£500 oN 1valory
o065 oN

AT wea¥oag 2y
Eutiiodng g TeoTURY dagy

PRI 4C 0 Jexs0y pryog
b

Al

iy

1>RIIsqY PayIssEOUN

‘Pasendsip osj® a1 Bujpro] Jvijaaul pUE apn)

-1duwie uywais 311345 Juwsuod zapun jueitadoad jo asuodsaz
J1iSE[20361A0WIaY) JudtsuURI]  -A103Yy) Ylim K|quioaw]
azvdwod sinsad syl pue 'pa1aidwior sem Suipro
1e1313uy 211245 paujeians o) 26uocdsas [¥IjUrYIIWOWIIY)
we(jadoid jo vonieBiisaaut (rluauriadxas uy  "$331A3p
3141531a0z31d UCHIRWIO)AP [[Ywis Yitm parediieaaul siam
senaadoad §inq pur Jeays dtwurvudp jueyjadeayg DISENISIP
31w BOIS1I932 w3 wyd [e3isdyd yuepadosd pu- ‘0124 uon
-vBedcid wovid usamisq uonIv[31 Y} puvw ne Ianjrej
Jo saipmig  'pepi0d37 21w Buiprol spy; J uotjoung e

sv njuviiadosd Nvad puv vvad paiil A1y o sansadord
3In{ITy pu® S1IFR[ICONA Jo voijediiEaaut ue jo 61IN8I2 YL

110day payisse(doun

‘892UDIJIT 27 puw SIIqE) p ‘suonwlisni) 2¢ Fuipniouy
‘s28ed 4g ‘P96 13qWaaQ ¢t Y¥noayy saquiaidag ¢
Pedennsy poliad ‘¢9h] Adenuer g ‘2 'oN 110day ssaiBouyg
A2 |, 'SRSINYHOIW H¥ATIVA GNY ASNQJS3Y
DINYNLQ (SNOILYDILISIANT ALIYDA.LNITVEALONYLS
o IYTTAdONd AI'TO8. "02-§9-H1~-TdY 4V 'ON 1i0day
3D “spiwmpl ‘AJoiwvioqe] uois(ndolg 1axo0y 93107 1Y

uonI2qIen Jaa v

2-D-199 9N

110d3y Oq7
viuzojyje) ‘spueipay
*Auedwron uojsindeag
pPaayn30-] 4q pasvdazg

€566~-(119)%0 IV
"ON 32¥13U0D

460t ‘oN 1deford
0S¢ "ON

ajnidonaig wealory 4v
satjsadoag (esjurysagy

siuwjladoa g 19%50Y PI1O§

A

Al

‘Tt

b

1
?

1

FELZET LAV ST TE L (BT, Y

"POSSNISIP os(e 32w Jujpwo] [eiTau} puw apny

-jjdwe uyea1s 31343 juvisuod zapun juviiadord jo asuodsaz
51389200 F1A0WIIIY] JualsuEr ]  A103Y) im A(qrioar)
a1edwod s3neaa ayl puw *pazajdwod sew Fuipeol
1v1123u} 211942 paunisns o3 asucdéax Jwdjurydawoway)
juvtadozd jo vonednsaau) [vjuawiraedxd vy cead|ap
313139190231d uopIvwIOFIp [TRWS YIIM PaYIeBIsIAuL 21sm
1a1123doad ymq pur 1vays ajwsulp Jun(iador g -passnderp
21w B313NTI333vavYd [ed1sdyd Juwiiadoad puw A3)d019A uon
-#8vdoid Yovid UPIMIAQ UORINTZZ Y PUT ‘adVjIng din('e]

; 3O s31prug  ‘pIp10231 1w Surpro] spyloe jo ucyisunj
se surjadoad NVEd PuT VVEd P A3 Jo saniadoad
2ID]j¥) puv DJI¥N]8061A Jo uolininesAu) UT JO sIMsIL QY

w 330day pejisseidufn )

! ‘#22U212)93 27 PUT SejqQEl § 'SUORVAISNILY 2€ FuTpn{dU)
_ safed 33  "y961 laquadsq gy WInOIW Iaquiardag gy
Fpa19a0s potaad ‘G941 Aawnuep ¢ ‘7 ‘oN 12eday seailoig
. Ajza13vng ,, 'SINSINVHOIN JENTIVI ANV ISNOJSIH
! DINYNAQ SNOILVOILSIANI ALDIOILINI TVENLONYLS

INV1TIdONd arios, '02-$9-41l-TdUIV "oN 11oday
JNYD ‘epIvmp ‘Aloivioquy uolsindoad 30y 22103 Y




